INTRODUCTION
In outdoor environments, our visual system is subject to impressive variations in ambient illumination (irradiance). Within this natural range, the statistics of photon noise, transitions between rod and cone photoreception, and changes in photoreceptor response kinetics mean that the quality and quantity of visual information available to the brain change substantially. Accordingly, the output of the early visual system changes quantitatively (Barlow et al., 1957; Bisti et al., 1977) and qualitatively (Farrow et al., 2013; Grimes et al., 2014; Odermatt et al., 2012; Tikidji-Hamburyan et al., 2015) as a function of irradiance. So far, these changes have been described mainly at the single-neuron (Barlow et al., 1957; Bisti et al., 1977; Tikidji-Hamburyan et al., 2015) or synaptic level (Farrow et al., 2013; Grimes et al., 2014; Odermatt et al., 2012) , while the impact of changing irradiance on the regime of network activity is not well understood.
A fundamental signature of network activity is represented by coherent fast narrowband oscillations in the b/g range (15-100 Hz). In the early visual system, these oscillations have been recorded in the retina, dorsal lateral geniculate nucleus (dLGN), and primary visual cortex (Castelo-Branco et al., 1998) . They are thought to provide a substrate for inter-area communication (Fries, 2005) and visual coding (Gray et al., 1989; Koepsell et al., 2009) , and given the well-known association between irradiance and visual performance, understanding the impact of irradiance on these narrowband oscillation has obvious importance. Nonetheless, studies of narrowband oscillations in the early visual system have heretofore concentrated on the effects of spatially structured patterns at single-light backgrounds. To our knowledge, there has been no systematic investigation of the relationship, if any, between ambient illumination and fast narrowband oscillations.
Here we address that deficiency and show that fast narrowband oscillations in the mouse dLGN and retina are strongly modulated by irradiance and that their increased coherence at high irradiance allows for more efficient pooling of single-neuron responses within this frequency range. Our results reveal a strong, but previously overlooked, impact of background light intensity on visual physiology.
RESULTS

Fast Narrowband Oscillations in the dLGN Are Modulated by Irradiance
We set out first to determine the impact of changing irradiance on spiking activity in the dLGN of awake and freely moving animals ( Figure 1A ). To this end, we exposed freely moving mice carrying electrodes implanted into the dLGN to 10 s steps in background light intensity (from ''dim,'' 11.9 log 10 photons/cm 2 /s, to ''bright,'' 15.1 log 10 photons/cm 2 /s). The irradiance step induced a substantial increase in the maintained firing rate of the dLGN ( Figure 1B ; normalized population response), as reported previously in anesthetized mice (Storchi et al., 2015) . The dLGN activity at high irradiance was also characterized by fast periodic spiking ( Figure 1C) . A power spectrum analysis of spike activity revealed narrowband oscillations centered around 60 Hz in the bright condition that were absent under dim illumination (Figures 1D and 1E, representative;  Figure 1F ; p = 0.0006, rank-sum test; n = 18, multiunit activity from 7 mice). The occurrence of these oscillations was not an all-or-none phenomenon but rather exhibited a more gradual dependence on irradiance. Thus, we observed a progressive increase in the amplitude of narrowband oscillations as a function of irradiance in mice held in the dark and exposed to three different steps (Figures S1A and S1B, available online).
The amplitude of narrowband oscillations in the visual cortex is strongly modulated by locomotion (Niell and Stryker, 2010) . We wondered whether a similar modulation was also present in the dLGN. By tracking mouse position ( Figure 1G ), we found that mice in our apparatus exhibited periods of relative activity (locomotion speed > 1 cm/s, defined as ''active'') and quiescence (locomotion speed < 1 cm/s, defined as ''stationary'') under both dim and bright light conditions. When mice were active, dLGN firing rates were significantly higher both in dim and bright irradiance ( Figure 1H ; dim, p = 0.0007, rank-sum test; bright, p = 0.008, rank-sum test; n = 18). However, narrowband oscillations were less influenced by locomotion. Thus, oscillations were apparent under bright conditions and absent under dim conditions whether or not the animal was active ( Figure 1I ). The frequency of the oscillations was, however, slightly higher during periods of activity (mean ± SEM = 65.6 ± 1.3 Hz and 58.8 ± 1.6 Hz for ''active'' and ''stationary,'' respectively; p = 0.027, rank-sum test; n = 16).
We finally asked whether increases in irradiance could induce narrowband oscillations also under anesthesia by recording dLGN spiking activity in mice initially under isoflurane anesthesia and then, following recovery, in freely moving conditions ( Figure 1J ). Irradiance steps induced sustained increases in firing rate ( Figure 1K ; normalized population response) and narrowband oscillations ( Figures 1L-1N , representative; Figure 1O ; p = 0.026, rank-sum test; n = 8, multiunit activity from 3 mice) irrespective of anesthetic state. The magnitude of this effect was dependent upon stimulus irradiance just as it had been in the awake condition (Figures S1C and S1D) . Although the impact of irradiance on narrowband oscillations was thus apparent under both awake and anesthetized conditions, their frequency was consistently lower under anesthesia. This phenomenon is apparent in a comparison of recordings from the representative unit depicted in Figure 1 under these two conditions (Figures 1D and 1E versus Figures 1M and 1N ; see also Figures S1E and S1F), and was supported by analysis across all such units ( Figure S1G ; p = 2*10 À4 , sign test; n = 13). We wondered whether frequency was continually tunable according to depth of anesthesia, and this proved to be the case. Thus, the frequency of irradiance-induced narrowband oscillations could be increased or decreased under isoflurane anesthesia by modulating the anesthetic dose (Figures S1H and S1I). Moreover, frequencies close to those observed in awake animals could be observed when very low (sedation level) doses of an injectable anesthetic (urethane; 1.2 g/Kg) were employed ( Figures S1J and S1K) . Together, these results show that irradiance has a strong and consistently positive effect on the amplitude of narrowband oscillations in awake and anesthetized mice. The frequency of these narrowband oscillations was, however, more variable; it was lower during rest in freely moving animals and reduced according to depth of anesthesia.
Irradiance Modulation of Fast Narrowband Oscillations in the Retina As narrowband oscillations have previously been reported in the firing activity of retinal ganglion cells (RGCs) (Neuenschwander and Singer, 1996) , we next asked whether irradiance modulated oscillations in a similar way at the level of the retina. Fast narrowband oscillations in the retina have been previously observed using corneal electrodes to record field potentials (electroretinograms, ERGs; Wachtmeister, 1998) . We therefore set out to record oscillations simultaneously in both retina and thalamus by using joint ERG-dLGN recordings, using a full-field flash (see Supplemental Experimental Procedures) presented over a 4 log-unit range of background light intensity in anesthetized mice.
In accordance with the responses to irradiance steps described above, we observed an irradiance-dependent increase in the amplitude of narrowband oscillations in dLGN of these animals (Figures 2A and 2B ). These oscillations were obscured by responses to the flash but clearly visible at later latencies. Turning to retinal fields, the flash stimulus evoked the expected waveform of a light-adapted ERG, dominated by a large, slow b-wave, across all backgrounds (Figures 2C and 2D) . Smaller, higher frequency oscillatory potentials (OPs) were superimposed on the ERG b-wave, but additional ongoing oscillatory events could also be observed for hundreds of milliseconds afterward. The OPs superimposed on the b-wave are known to be positively correlated with flash intensity (Wachtmeister, 1998) . Here, as we were interested in the impact of background irradiance, we focused instead on the late oscillatory components.
The appearance of these late oscillatory components in the retinal field recordings was strongly irradiance dependent ; *p = 0.0111, **p = 0.0041, rank-sum test from 7 animals). Their increase in power as a function of irradiance was also associated with progressive enhancement of narrowband , ****p = 0.0324, rank-sum test; n = 83). Within each mouse, dLGN firing and ERG potentials were most coherent over a narrow band that matched that of dLGN oscillations ( Figure 2I ), and the dominant frequency of these oscillations was positively correlated ( Figure S2A ).
These data reveal that irradiance modulation of narrowband oscillations extends to the retina. Given the strong correlation between retinal and dLGN oscillations in these paired recordings, and the feedforward nature of information flow from retina to dLGN, they further imply that the irradiance modulation of narrowband oscillations in the visual thalamus is inherited from the retina.
Melanopsin Contributions to Irradiance Modulation of Narrowband Oscillations
Turning to the mechanisms underlying the irradiance modulation of fast narrowband oscillations, we wondered whether the measure of light intensity driving this effect was produced by outer retinal photoreceptors (rods and cones) or the inner retina (i.e., melanopsin expressed in intrinsically photosensitive RGCs [ipRGCs] ). To address this question, we used a ramp stimulus previously shown to allow an effective separation of the contribution of these different classes of photoreceptors to irradiancedependent increases in maintained firing rate (Storchi et al., 2015) . This stimulus features a spatially diffuse, very gradual 1,0003 increase in irradiance (rise time = 13 min). Because its spectral composition recreates the balance of photoreceptor activations produced by daylight (Allen et al., 2014) , we term it a ''daylight'' ramp. Both the normalized peak power and frequency of narrowband oscillations in the dLGN of anesthetized mice increased across this ramp (Figures 3A-3C ; p = 4*10
À17
, p = 1*10 À14 , rank-sum tests for peak power and frequency at dim versus bright irradiance). The daylight ramp stimulus is known to also elicit a widespread increase in firing rate of dLGN units (Storchi et al., 2015) , and indeed there was a positive correlation between firing rate and normalized peak power in these recordings ( Figure S2B ). However, the increase in the power of narrowband oscillations across the ramp was apparent even after correcting for differences in firing rate ( Figures S2C and S2D ), confirming that these are at least partially separable phenomena. The impact of changing irradiance was not specific for the details of this ramp, with equivalent effects observed for more dynamic modulations in irradiance and in the presence of a wide variety of naturalistic spatial patterns (Supplemental Results; Figures  S2E-S2I) . The response to the daylight ramp was partially disrupted in mice lacking melanopsin. Thus, irradiance had a smaller impact on narrowband oscillations in this genotype, with changes in normalized peak power across the ramp substantially smaller than those in visually intact mice ( Figure 3D ; p = 3*10 À6 , ranksum tests).
As a further test of the involvement of melanopsin, we turned to the spectral sensitivity of the irradiance response. We have previously described a variant of the daylight ramp that is selectively deficient in those wavelengths to which melanopsin is most sensitive (Storchi et al., 2015) , with the result that it is predicted to appear $103 dimmer for melanopsin across the whole ramp, but approximately isoluminant for cones (see Supplemental Experimental Procedures). We therefore expect any response driven by melanopsin to be less engaged by this ''mel low'' ramp. This was indeed what we found, with the increase in narrowband power in the dLGN significantly reduced across the mel low compared to the original daylight ramp ( Figure 3E) . Importantly, the response of Opn4 À/À mice to these two ramps was indistinguishable ( Figure 3F ), consistent with the conclusion that the difference in visually intact animals originates with melanopsin. We finally set out to confirm that melanopsin played a similar role in the irradiance regulation of narrowband oscillations in awake, freely moving animals. Irradiance ramp stimuli are not a viable stimulus for awake animals in which changes in behavior can occlude any gradual response to the ramp. We therefore returned to shorter stimuli and delivered 5 s pulses from the dark of two spectrally distinct lights designed to be approximately cone isoluminant (metameric) but differing substantially in effective irradiance for melanopsin ( Figures S2J and S2K ). Since the amplitude of narrowband oscillations has a positive relation with irradiance, we expected that the stimulus carrying the higher melanopsin excitation would elicit higher amplitude oscillations. This was indeed the case; average normalized power spectral density (PSD) was higher for the melanopsin-activating stimulus in both awake ( Figure S2J ) and anesthetized ( Figure S2K ) animals.
Irradiance Promotes Coherence of Narrowband Oscillations and Enhances Visual Signaling for Neuronal Populations
As irradiance has robust effects on narrowband oscillations at the single unit level, we next asked what its effect is at the network level. One obvious first question, which has important implications for coding and transmission of visual information (Averbeck et al., 2006) , is whether narrowband oscillations in the mouse dLGN are coherent across neurons. Using data from the daylight ramp protocol, we looked for oscillations in the pooled activity across all recording sites.
We found that the pooled activity also expressed narrowband oscillations ( Figure 4A ), and across all pairs of units, the average magnitude-squared coherence (MSC; a normalized measure of cross-spectral density bounded between 0 and 1) increased at À/À mice (mean ± SEM from n = 269 U from 4 animals and 252 U from 7 animals, respectively).
(E and F) Mean ± SEM normalized peak power across ''daylight'' (blue) and ''mel low'' (orange) ramps for visually intact (E) and Opn4 À/À mice (F).
high irradiance ( Figure 4B ; representative recording). Meanwhile, the phase difference across pairs of units was significantly clustered around zero, both at the lowest and highest irradiance levels ( Figure 4C ; representative recording; p $0 for both dim and bright conditions, omnibus test for circular uniformity). These data indicate that narrowband coherence is present across a range of irradiances and highest at high light levels. For this spatially featureless diffuse illumination, the effects of irradiance on coherence were diffuse across the dLGN but strongest over short anatomical distances (Supplemental Results; Figures S3A-S3C ). We finally set out to investigate the effect of irradiance-driven coherence of narrowband oscillations on visual signaling at the population level. We consider a commonly proposed coding strategy in which single-unit responses are simply summed together. Depending on how noise affects single-unit responses, coherence can be either beneficial or detrimental for this pooling strategy. When noise affects response amplitudes, coherence is generally considered to be detrimental for this coding scheme (Zohary et al., 1994) . When instead noise affects the response latencies, coherence can have beneficial effects on pooling, for oscillatory response elements, when out of phase, would cancel out.
In order to understand the net effect of narrowband coherence on the utility of pooling visual responses across units, we applied simple visual stimuli against the highest irradiance background (14.4 log 10 photons/cm 2 /s). We restricted our analysis to units with ON center receptive fields whose center fell within the target region. We first explored responses of these units in the temporal domain, by applying a flickering spot at variable frequency (2-15 Hz; Figure 4D , top panel). Narrowband oscillations in the population activity were present under diffuse gray screen illumination at this high irradiance before the spot presentation (Figure 4D) . The flickering spot increased the broadband power but preserved a clear narrowband component ( Figures 4D  and S3D ). Consistent with previous reports (Neuenschwander and Singer, 1996) , we observed that the spike timings of oscillatory activity were temporally coherent across neurons within a single trial but visibly jittered across trials ( Figure 4E ). Therefore, in order to understand the effect of narrowband coherence on visual signaling, we were able to disrupt narrowband coherence simply by randomizing the trial order of single-unit responses prior to pooling ( Figure 4F ). To isolate the narrowband component of single units, we bandpass filtered activity in individual trials in the 20-50 Hz band. The filtered responses were then simply pooled together by summation and the amplitude of this pooled activity was calculated using the Hilbert transform (see Supplemental Analyses).
We next looked at the relationship between the flickering spot and amplitude of the pooled activity in the narrowband range. This revealed that oscillation amplitude was modulated by the flickering spot, and that disrupting narrowband coherence had the effect of reducing the amplitude of these modulations (Figure 4G) , suggesting that narrowband coherence enhances visual signaling for population responses. To quantitatively investigate this possibility, we estimated the amplitude of the cross power spectral density (jCPSDj) between the narrowband amplitude and the flickering spot for pooled data with and without shuffling. The jCPSDj provides information on the power shared between narrowband amplitude and the flickering spot at each given frequency. If the increments in amplitude provided by narrowband coherence were unrelated to the flickering spot, then we would expect the jCPSDj to be reduced. If, instead, these increments were driven by the stimulus, then jCPSDj should increase. The jCPSDj was relatively low for single units but substantially increased by pooling across neurons, and this effect was reduced when coherence was disrupted ( Figures 4H and S2E) . The positive effects of coherence were specific to the narrowband oscillations. Thus, while pooling across single units also increased jCPSDj for the amplitude of low-pass filtered activity, the magnitude of this effect was equivalent in the shuffled dataset in which coherence was removed ( Figures S2F-S2H) .
Finally, we found that narrowband coherence could have a similar impact on discrimination of spatial patterns by repeating these experiments using a coarse inverted grating stimulus (Supplemental Results; Figure S4 ).
These results indicate that coherence of narrowband oscillations allows for the possibility of enhancing visual signaling over their frequency range by more effective pooling of activity across neurons with similar response properties. The extent to which this effect is maintained in natural visual scenes will deserve future investigation.
DISCUSSION
To our knowledge, this is the first study to explicitly assess the impact of background light intensity on narrowband oscillations in the visual system. We find that such oscillations have a wide dynamic range in amplitude and that this allows a quantitative relationship with irradiance over the mid-mesopic to photopic range that is apparent in awake and anesthetized animals. The irradiance dependence of narrowband oscillations was retained in the presence of changing naturalistic spatial patterns ( Figures  S2E-S2H ). However, their amplitude was strongly modulated by synthetic patterns (Figures 4D-4H , S3E-S3H, and S4), consistent with previous reports that gamma oscillations can be modulated by a variety of spatially structured stimuli (Castelo-Branco et al., 1998) . In sum, then, our data indicate that high irradiance facilitates the appearance of narrowband oscillations, whose amplitude may then be modulated by other stimuli to convey visual information.
Paired recordings in the retina and dLGN reveal coherent fast narrowband oscillations that are equivalently impacted by irradiance. Therefore, while narrowband oscillations in the dLGN may arise within the dLGN itself (Pedroarena and Lliná s, 1997; Rhodes and Lliná s, 2005) or from cortical feedback (Sillito et al., 1994) , the most parsimonious explanation for our results is that their irradiance modulation is inherited from the retina. Within the retina, the melanopsin-expressing ipRGCs are thought to provide the primary irradiance signal (Wong, 2012) . The ipRGC irradiance code is already known to impact conventional vision by setting pupil size (Lucas et al., 2003) , adapting visual circuits (Allen et al., 2014; Hankins and Lucas, 2002; Zhang et al., 2008) , and regulating maintained firing (Brown et al., 2010) . Our demonstration that irradiance control of oscillations can be modulated by changes in spectral power density targeting melanopsin and is impaired in melanopsin knockouts argues that melanopsin (and thus ipRGCs) also plays a central role in this aspect of vision.
A question that remains unanswered is how ipRGCs could regulate fast narrowband oscillations in the retina. Part of the problem is that the mechanisms producing these oscillations in the retina are not well understood (Wachtmeister, 1998) .
Computer simulations suggest that oscillations may arise from the axonal feedback of widefield spiking amacrine cells in response to electrical inputs from RGCs (Kenyon et al., 2003) . If that is the case, then the reported gap-junction connections between ipRGCs and widefield spiking amacrine cells (M€ uller et al., 2010; Reifler et al., 2015) represent an obvious potential route via which ipRGCs could induce narrowband oscillations.
What function could narrowband oscillations perform? One possibility is that they are a reflection of a particular network state, without direct relevance for visual coding. However, we find that narrowband oscillations are retained in the presence of a variety of spatially structured stimuli. Moreover, we find that their frequency and amplitude are modulated by spatiotemporal patterns in such a way that they convey information about the local changes in luminance. At the single-unit level, Barlow and Levick (1969) reported increases in regularity in spike trains as a function of irradiance in RGCs. Based on our work, it seems probable that that phenomenon was a reflection of narrowband oscillations, and, as originally proposed (Barlow and Levick, 1969) , such regularization could improve signal-to-noise ratio (SNR) at the single-unit level. Indeed, more recently it was shown that phase locking of dLGN spikes to retinal oscillations can significantly enhance the information rate (Koepsell et al., 2009) .
Turning to the population activity, we find that irradiance not only increases the power of oscillations but also their coherence in the dLGN. The increase in coherence preserves visuotopic order and is larger for neighboring neurons. As previously reported (Neuenschwander and Singer, 1996) , we also observe that oscillations do not synchronize with the onset of spatially localized changes in luminance. Therefore, coherent narrowband oscillations could provide an intrinsic temporal reference that allows effective pooling of single-unit responses and amplifies visual responses within this frequency range. We find that this is the indeed the case: when coherence is disrupted, single-unit responses are partially cancelled out by pooling. Thus, similar to radio signals, narrowband oscillations could represent a carrier signal for neuronal populations upon which changes in amplitude and frequency convey visual information (Hoppensteadt and Izhikevich, 1998) .
Whatever the function of narrowband oscillations in retina and dLGN, it is interesting to consider why they are only employed at high light levels. A plausible explanation is that they are energetically expensive (Kann, 2012) . As energy consumption is a strong limiting factor in the CNS (Attwell and Laughlin, 2001) , it is thus conceivable that oscillations will be employed only when high information rate is required. High photopic irradiance can indeed best represent this condition: thanks to the statistics of photon noise, visual signals contain more information at high irradiance and bright environments can provide life threatening situations that require the best efforts of vision in order to support behavioral choices.
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